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 The Final Design Review (FDR) report explains the initial research, design process, finalized 
design, manufacturing and assembly methods, and testing done by the senior project group in 
Mechanical Engineering Department at California Polytechnic State University, San Luis Obispo. For this 
project, the San Luis Obispo Botanical Garden would like to develop an educational and interactive 
exhibit that conveys a lesson in physics. The Botanical Garden envisions an exciting feature to educate 
children on physical science and broaden the appeal of the garden. This document captures the 
problem’s scope, requirements, initial concept, design research, target demographic, ideation, 
evaluation processes, and project timeline. The evaluation process includes Weighted Decision Matrices, 
which led to the final concept design. The final design and justifications for each component explains 
why each material and design were chosen. The manufacturing plan describes how each component and 
assembly will be produced. The design verification plan shows various tests to ensure safety, ease of 
maintenance, and longevity. Our team’s final design is a gearbox, which demonstrates how gear size and 
ratio affect gear speed, along with how gears are commonly used in everyday objects. The included 
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 We are seniors at California Polytechnic State University – San Luis Obispo under the Mechanical 
Engineering department. Our sponsors, Anika Clements and Eva Vigil from SLO Botanical Garden, have 
emphasized that physics is very useful, fun, and all around us. However, many children see it as a 
difficult and boring subject in school. Our sponsors are aiming to change that perception and asked us to 
create a simple, fun, and interactive physics exhibit that the elementary students in 3-6th grade can not 
only enjoy, but also learn about physics in a safe and interactive environment. This document explains 
the initial background research, objectives, concept ideation, series of evaluation to narrow down 
options, final design with justifications, manufacturing steps, and design verification testing of each 
component for the final prototype. 
2. Background 
To understand the scope of this project, we conducted background research on topics such as 
customers, target demographics and existing designs. The customer and target demographic research 
included sending emails to professionals in education and meeting with our sponsors to find the specific 
customer wants and needs. Research on existing designs included finding museum exhibits and 
attractions that convey physics mechanisms to obtain ideas and learn how they demonstrated physics 
safely. We additionally researched patents to help us understand the full depth of physics mechanisms 
we may incorporate. We also researched different safety guidelines and decided to follow ASME safety 
standard due to their availability through Cal Poly Library. Specific guidelines following these standards 
will be set as detailed designs are modeled. 
2.1 Customer Research 
We interviewed our project sponsor over video call (Reference 4) to understand the demographics 
of target users for this project. A list of customer wants and needs is summarized below: 
• Fit within 30’X50’ space shared between 2 teams 
• Bigger than the size of a computer 
• Envisioning attraction height to be 5 to 6 feet 
• Must be securely attached to the ground  
• Convey simple physics concepts  
• Must be an interactive exhibit for all ages with the education targeted at children 
• Must be able to provide a shared experience among multiple people  
• Able to operate safely in an open natural habitat 
• Should not have an open water source 
• Prefer to not involve electricity 
• Robust to withstand wear and tear due to use and exposure to the elements  
• Should not splinter or have anything exposed that could harm the user  
• Meet ADA standards, insurance policy, and government guidelines 
• Meet ASME and ANSI safety standards needed for interaction 
• Require testing for safety 
• Must be transported through the gate 
• Should be transportable by 1 to 2 people 
• Should not be unnecessarily noisy 
• Should require low maintenance for inspection, repair, painting, and cleaning. 
• Should be inexpensive 
• Should be aesthetically pleasing 
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In addition to the customer wants and needs from the interview with our sponsors, we are sending out 
surveys to local families to gather more information on their interest in various physics concepts and 
their experience in physics exhibits they have visited in the past. We will be able to have a better picture 
of the customer demographics once enough surveys are completed. 
2.2 Existing Design Research 
During our existing design research, we mainly looked for exhibits and attractions that exist in 
various museums and interactive physics demonstrations. These attractions were compared with our 
customer requirements as listed below. Other research that we conducted, such as patents, are 
included in Appendix A. 
1. Ball River Bobsleigh  
 
Figure 1. Ball River Bobsleigh demonstrated in a classroom setting (Reference 1). 
 
This interactive, small-scaled physics classroom demonstration shown in Figure 1 teaches us 
how ordinary sliding friction has a huge effect on speed. The sliding friction can take up to 30-60% of the 
vertical force such as its weight. On the other hand, the “rolling” friction from using ball bearings is 
hundreds of times less than sliding friction and can be engineered to have friction force of less than 0.1% 
of its weight. This physics demonstration can also illustrate the complex physics of ball bearings, which 




2. Downhill Race 
 
Figure 2. Downhill Race of wheels with different weight distribution. (Reference 2) 
 
Downhill Race is a museum exhibit in Exploratorium located in San Francisco. This exhibit 
demonstrates that the speed of a wheel rolling downhill depends not on the weight of the wheel, but on 
the location of the weight. Since the wheel with weight located far from the center has more rotational 
inertia, the wheel rolls slower. This exhibit conveys the concept of rotational inertia and its effect in 
rotational speed, which is a concept used in cars, in skateboards, and in many other structures with 
wheels. 
3. Air/Smoke Rings 
Figure 
3. Airzooka shooting out invisible vortex ring of air on stack of plastic cups. (Reference 3) 
 
This interactive classroom demonstration shows how vortex ring shoots out air in the middle 
and moving air on the outside backward. The vortex ring can be seen if smoke was used. This rolling 
smoke shape closes in on itself and makes a collection of loops that carries the matter with it. The 






Figure 4. Light mill radiometer. (Reference 3) 
 
The light mill radiometer conveys the concept of heat engine. The radiometer spins because 
black heats up faster than white, which causes a slightly higher pressure on that side, pushing it 
backward as the air molecules are pushed away from that side. Since black side absorb radiation of all 
wavelengths, when heat flow into the radiometer, the black side absorbs invisible infrared light from the 
inside, causing the same effect. On the other hand, the vanes spin backward with white side receding 
when the radiometer is cooled, since black not only heats up more quickly but also cools down more 
quickly. A thermographic camera can also be used to observe this physics demonstration.  
5. Balancing Ball 
 
Figure 5. The levitated ball can seem to defy gravity regardless of position and angle due to the motion 
of air flow. (Reference 2) 
 
The air flowing upward hits the bottom of the ball, slows down, and generates a region of higher 
pressure. This higher pressure region holds the ball against the pull of gravity. When the ball is partially 
pulled out of the air stream, the air curves around the ball as shown in Figure 5, which exerts an inward 
force on the ball. The ball is kept in the stream against the external force, which demonstrates Newton’s 
Third Law: For every action, there is an equal and opposite reaction. This mechanism is also 
demonstrated used for helicopters and airplanes, where a flat wing tipped into the wind forces air 




6. Bicycle Wheel Gyro 
 
Figure 6. Bicycle Wheel Gyroscope (Reference 2) 
 
This exhibit demonstrates how angular momentum gives a natural tendency to keep spinning at 
the same speed in the same direction. When the gyroscope is tilted, the angular momentum is changed, 
and the spinning wheel resists this change and pushes back. If you are sitting in a swivel chair, this push 
causes you to spin in the chair.  
 
7. Echo Tube 
 
Figure 7. Echo Tube (Reference 2) 
 
This exhibit is from Exploratorium in San Francisco. This echo tube is specially designed so that 
the sound reflects from the far end with a little bit of delay. This demonstrates the physics concept of 
sound waves traveling and bouncing, along with how different pitch of sound waves traveling 
differently. For echo to be heard, the tube must be at least 15m (approximately 50 ft) long to create 0.1s 




3.1 Problem Statement 
The San Luis Obispo Botanical Garden needs an educational exhibit that teaches children about 
physics in a fun, simple, and interactive manner. This will help broaden the appeal of the garden, bring 
in more visitors, and create an exciting and educational atmosphere at the park that people of all age 
ranges can enjoy. 
3.2 Boundary Diagram 
 
Figure 8: Boundary Diagram for the Physics in the Garden Project 
3.3 Summary of Customer Wants & Needs 
The San Luis Obispo Botanical Garden has a plot of land that is 30 ft by 50 ft which will be used 
as the site for both senior projects; our project is expected to fit within half of that space. The sponsors 
of this project want the exhibit to be large enough to attract more people. The exhibit will demonstrate 
a simple physics concept, the relationship of gear ratio and gear speed, that children from grades 3-6 
can comprehend while people of all ages can also enjoy and create a shared experience. The exhibit will 
be outdoors and should be able to withstand the seasonal exposure to elements and operate safely in 
the open natural habitat.  
Since safety is one of the main concerns to consider for this project, the gearbox structure we 
build must be securely attached to the ground. It also must have no features that will potentially cause 
injury, such as rough surfaces or pinch points. The structure must be inclusive to all, meet ADA 
standards, follow insurance safety policy, follow government safety guidelines, and follow ASME and/or 
ANSI safety standards needed for user interaction. The exhibit will go through multiple safety tests 
completed by both our project group and by an outside licensed engineer. 
Overall, the exhibit must be inexpensive to construct and should require low maintenance for 
inspection, repairing, painting, and cleaning. It should be transportable through the gates at the San Luis 
Obispo Botanical Garden and carried by a maximum of 3 to 4 people. 
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3.4 Brief Description of the QFD Process 
We used the Quality Function Deployment (QFD) process to develop an initial House of Quality 
for our project as shown in Appendix B. The House of Quality consists of sections labeled who, what, 
how, now, and how much. The “who” identifies who will be impacted by this project. The “what” section 
is where the customer’s requirements (wants and needs) are specified. Then, the section connecting the 
“who” and “what” sections is filled out by giving weights to how important each customer requirement 
is to each person impacted by this project. Next, the engineering specifications that will help meet the 
customer’s requirements is given in the “how” section. We define relationships between the customer 
requirements and the engineering specifications as strong, moderate, weak, or none in the section 
connecting “what” and “how”. In addition, we fill out the roof of the QFD by identifying whether each 
engineering specification has a positive, negative, or no correlation to the other engineering 
specifications. In the “now” section, we create a list of product competitors and compare them to our 
project by weighing how well each meets our customer’s requirements. Lastly, the “how much” section 
is where we put target values on the engineering specifications and assess how well our product and the 
competitors’ products meet those target values. 
3.5 Engineering Specifications Table 
Table 1 details the specifications from QFD that must be fulfilled to create a successful project. 
The amount of space is the total area of land that the gearbox exhibit will use. Height is the minimum 
required height of the gearbox to make sure the exhibit is easily seen by the visitors of the garden. 
Maintenance is the required frequency of cleaning, painting, and repairing the gearbox exhibit. 
Enjoyment is the amount of satisfaction each user feels upon using the gearbox exhibit. Education is a 
measurement of how effectively the lesson is taught to the target demographic. Noise is a measure of 
how loud the noise is when the gear mechanisms are in use. Production cost is the amount of money 
the components will cost to manufacture and assemble. Durability is the amount of weight the gearbox 
can withstand without showing any sign of deformation and without exceeding material yield strength. 
Table 1. Gearbox Exhibit Specifications Table 
Spec # Parameter Description Requirements or Target Tolerance Risk Compliance 
1 Space 750 sq. ft. Max L A, I 
2 Height 4ft Min L A, I 
3 Maintenance Once per season Min M A, I, S 
4 Enjoyment At least 75% of people felt 
the exhibit was fun and 
brought them enjoyment. 
Min M A, T 
5 Education At least 75% of children felt 
the exhibit is educational or 
taught them something new. 
Min M A, T 
6 Noise 80 decibels Max L A, T 
7 Production Cost $2000 Max L A 
8 Durability 100lbf Min M A, T 
9 Longevity 5 years Min M A, T, I 
*Risk of meeting specification: (L) Low, (M) Medium, (H) High 
**Compliance Methods: (T) Test, (A) Analysis, (I) Inspection, (S) Similar to Existing 
 
Each specification will be inspected, analyzed, or tested as shown in Table 1. To measure the 
size of our exhibit, we measure the width, depth, and height of the gearbox to obtain the volume. To 
measure the maintenance level, we will estimate how often each component of the exhibit will need 
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maintenance. We will also conduct a survey of people who use the exhibit to measure both the 
enjoyment and the effectiveness of the exhibit on education. We will use a decibel meter while 
operating the experiment to measure noise level. 
From the specifications table, space is a medium risk category because we most likely will not 
come close to exceeding 750 square feet. Size is a low-risk category because we need gearbox to display 
many gears laid out vertically, which requires a lot of space. Maintenance is a medium risk category 
since a method to disassemble and replace parts must be incorporated. To mitigate this risk, we are 
aiming to choose materials that are smooth and resistant to corrosion and designs that allow easy 
access to components in case repairs are needed. Enjoyment is a medium risk since we do not yet know 
how exciting the exhibit will be for children. However, gearbox was shown to be one of the most 
popular exhibits from a previous survey. Education is also a medium risk because teenagers and adults 
may already know the physics concepts behind gearboxes and may not find the exhibit personally 
educational. However, our main target is children in 3rd-6th grade, so we will have a separate survey that 
measures the effectiveness of education for our target audience after the final prototype is installed. 
Lastly, noise is considered a low risk because the exhibit will be designed to not make any unnecessary 
noise and will most likely not come close to 80 decibels. Our sponsors also confirmed that loud noises 
will not be an issue because loud noises are acceptable due to being outside. 
4. Concept Design 
The concept ideation process included using tools such as functional decomposition, concept 
prototypes, evaluating based on various criteria through Pugh, Morphological, and Weighted Decision 
Matrices, and discussing our evaluation results with our sponsors to decide on the final concept design 
of the botanical garden’s physics exhibit. The chosen final concept is a gearbox, which will teach children 
basic knowledge of the relationship between gear ratios and gear rotation speeds. 
 
Figure 9: Front and side view sketch of the gearbox exhibit concept design. 
4.1 Concept Development, Ideation, and Function Concept Prototypes 
In order to develop an exhibit that meets our sponsors’ requirements, our team used functional 
decomposition and timed brainstorming as our ideation process. In functional decomposition, we 
divided the main functions of the exhibit into 6 categories of functions and created a function tree 
below, outlining the sub-functions as shown in Figure 10. Each function was then taken as a 
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brainstorming topic, except for safety since set standards already exist. Figure 11 shows the main 
function of the exhibit as a topic for brainstorming. For brainstorming, we began freely writing for 5 
minutes on each topic, then compiled our ideas on a board. This process was repeated for each feasible 
topic from the function tree. The main goal of timed brainstorming was getting as many ideas as 
possible for each main and sub-function, with at least 20 ideas in total. 
 
Figure 10. Functional Decomposition Function Tree 
 
Figure 11. Example of ideation brainstorming from function tree (Teach Physics). 
This exercise helped generate many ideas for each main and sub-function. These ideas were 
later used in the Morphological Matrix discussed later in this section.  
Our team also developed function concept prototypes from cardboard, tape, paper clips, pipe 
cleaners, and glue to model a few concepts generated from our functional decomposition and ideation 
processes. These models allowed us to visualize how our ideas would work. Then we modified the ideas 
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to be more applicable to our project and feasible to manufacture. These models are tabulated in 
Appendix D.  
4.2 Evaluation Tools 
 The final concept was narrowed down using several evaluation tools such as Pugh Matrix, 
Morphological Matrix, and Weighted Decision Matrix, which weighed each function against different 
criteria. First, a Pugh Matrix weighed specific function options against each other. Then a Morphological 
Matrix was used to visualize the full concept with various functions. Lastly, a Weighted Decision Matrix 
compared the combined concepts against other combinations. 
4.2.1 Pugh Matrix 
 A Pugh Matrix evaluated specific ideas for each function with a list of criteria. For each function, 
one idea was selected as the datum. Other ideas in each function were compared to that datum with 
values of +, -, or s to indicate whether the idea is better than, worse than, or the same as the datum 
respectively. The datum has a baseline score of 0. The ideas that meet the criteria better than the datum 
have a positive score, while ideas that don’t meet the criteria as well as the datum have a negative 
score. A net score of 0 means that the ideas under evaluation meet the criteria as well as the datum. 
 For this project, we have combined our individual Pugh Matrices and recorded the evaluation in 
Appendix E. The functions we evaluated included being safe, teaching physics, enduring deterioration, 
and having low maintenance. The ideas that scored high were included in the Morphological Matrix to 
visualize the full concept with the best functioning options. Some of these options included sanding 
surfaces and edges for improving safety and using a long-lasting lubrication for lowering maintenance 
levels.  
4.2.2 Morphological Matrix and Sketches 
 A Morphological Matrix is an evaluation tool to visually display the combination of various ideas.  
For this project, we selected multiple options for each combination because the project had very few 




Table 2. Morphological Matrix combination options. 
Our team generated different combinations from the Morphological Matrix, creating a total of 6 
combinations as shown in Table 3. The options were selected based on high scoring choices from the 
Pugh Matrix except for choices from the “Teaching Physics” function. Because our project had a lot of 
flexibility, we were able to include all physics concepts in forming combinations to then narrow down 
and select a concept. 
These combinations sketches helped the team visualize how the exhibit should be manufactured 
and constructed. To further narrow down the options, the combinations were taken into consideration 





















4.2.3 Weighted Decision Matrix 
The Weighted Decision Matrix, in Appendix F, ranked different combinations defined in the 
Morphological Matrix. Different combinations were ranked using the QFD’s specifications and criteria 
that the sponsors required and that the team considered necessary for the project. Among the 10 
different criteria, each criterion was assigned a different weight, where the most important criterion 
was assigned a weight of 10, and the least important criterion was assigned a weight of 1. Each concept 
was ranked on a scale of 1 to 5, where 5 indicated the best combination and 1 indicated the worst 
combination for that criterion. The rating for each criterion was multiplied by the assigned weight of the 
criterion, and the sum represented the total rating for each combination of ideas. 
From the Weighted Decision Matrix, the higher rated choices were combinations 1, 3, and 5.  
The best option was combination 3, which had a high rating for all categories except for cost and noise. 
Because combination 3 does not have any moving parts, it was considered the safest as well as being 
easy to maintain. Combinations 1 and 5 also scored high in many different categories, such as ease of 
use and aesthetics. 
The two lowest scoring concepts were combinations 4 and 6. Although combination 4 had a 
score of 3.5 or higher in many criteria, this combination had a low total score because it would be 
difficult to prevent wear due to friction. Because the exhibit will remain outdoors, friction would be 
generated not only from normal use but also from dirt and sand. Moreover, this exhibit requires less 
active interaction than other combinations, further reducing the total score. Combination 6 had a low 
score in many criteria. The main concern for combination 6 was teaching the concept of angular 
momentum, which was deemed difficult to 3rd to 6th graders.  
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4.2.4 Interest Survey 
To get a better understanding of users’ education levels in physics and identify the most 
interesting physics concept, we conducted an online survey using Google Forms. The survey was posted 
on the Next-Door website for residents in San Luis Obispo to complete. Our advisor also asked families 
to participate in our survey. Our survey asked for the child’s age, for their knowledge in physics, whether 
they have been to a physics museum, and about what physics concepts interest them. We first asked 
the participants to think of the physics concept they find most interesting without listing our options. 
After, we asked what concepts they would find most interesting out of our listed options. 
 
Figure 12: Survey responses from local families answering “Do any of the following physics 
concepts interest you? Check all that apply.” 
 
 
Figure 13: Survey responses from advisor’s connections answering “Do any of the following 
physics concepts interest you? Check all that apply.” 
From both of our surveys, the physics concepts of sound and gears were the most interesting to 
the participants. This further validated the idea of building a prototype involving travelling soundwaves 
or a gearbox.  
4.3 Final Concept Design 
The final concept design was chosen after presenting our research results to our sponsors and 
the executive director of the SLO Botanical Garden, Chenda Lor. We presented the outcomes of the 
Weighted Decision Matrix, where our team narrowed down the options to combinations 1, 3, and 5 in 
Table 3. From the discussion, our sponsors wanted to proceed with the Gearbox Exhibit as our final 
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concept. Along with this feedback and the result from the Weighted Decision Matrix, the Gearbox 
Exhibit was chosen as the final concept. 
The main lessons for our target audience will be how gear ratios affect gear speed, how gears 
are used commonly in everyday objects, and how gear systems allow us to rotate objects that are far 
away.  The Gearbox Exhibit is presented in a wooden box with a clear panel, where children will actively 
turn a crank to rotate the gears and observe the interaction of the gears simultaneously. 
 
Figure 14(A): Isometric view of the Gearbox 
Exhibit Concept Model. 
 
Figure 14(B): Front view of the Gearbox Exhibit 
Concept Model. 
 
 Figure 14(A) shows the general isometric view of the gearbox exhibit, which has dimensions of 
3ft by 4ft with height of 5ft. As shown in Figure 14(B), each geartrain has a varying gear ratio that will 
spin the fans slower, the same, or faster. The fans will have a clear case with drilled holes, which 
protects both the equipment and the user from getting injured while the fans are rotating. 
 
Figure 15. Front view sketch of the gearbox display.  
The gearbox has input and output fans that allow the users to compare the speed difference 
caused by the gear ratio, as displayed in Figure 15. The purpose of this display is to increase interaction 
between the exhibit and user. This display allows both physical interaction from feeling the wind and 
visual observation of the colorful fans rotating and colors blending.  
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There were a few components that were not defined in the concept design. First, we needed to 
decide on the exact gear ratios for each gear train. We needed to make sure that the gear ratios gave 
enough difference from input to output. Second, we needed to choose the exact type of wood to be 
used for all the wooden components. Since the gearbox exhibit will remain outside, we must make sure 
that the wood can withstand different natural elements, such as rain, wind, and light. Lastly, we needed 
to finalize the thickness of structural components by conducting in-depth research and testing. The 
initial proposed dimensions were 3 ft. by 4 ft. by 5 ft. 
4.4 Preliminary Design Risks 
 Before moving onto detailed designing, testing, and manufacturing, our team evaluated the risks 
involved in building the Gearbox Exhibit. The Design Hazard Checklist in Appendix G shows that there is 
a risk of users getting hurt by touching rotating components such as gears and fans. To accommodate 
for this risk, we will be enclosing the gear train system inside the gearbox and fans in display casing to 
prohibit users from injury. The second risk is the gear trains or display casing systems’ mount loosening 
and falling. This risk will be corrected by using brackets and screws to ensure a minimum factor of safety 
of 1.2. The third risk is that the exhibit is located outdoors and can be exposed to extreme 
environmental conditions. This can cause gearbox components to weaken and corrode, potentially 
leading to collapse of the gearbox structure. This risk will be accommodated by using non-corrosive 
materials and performing corrosion tests to ensure safety. In addition, natural protective coating will be 
applied on wooden components. Lastly, there is a possibility of users injuring people around them by 
putting too much force while rotating the crank. To reduce this risk, we will include instructions on how 
to use the exhibit and warning stickers to make sure users are aware of their surroundings. 
5. Final Design 
This section discusses the final design of the gearbox exhibit before the Critical Design Review (CDR). 
The changes made after CDR is shown in later sections of this chapter. The gearbox is designed with 
consideration for maintenance, safety, and repair. This section also discusses why each material and 
part was selected and the cost analysis of the final design. 
5.1 Final Selected Design 
The final selected design for the gearbox exhibit uses fans as the display method to allow both physical 
and visual observation. The gearbox is composed of main three systems: the gearbox, the gear train, and 
the display casing. All the gears in the gear train system will be inside the gearbox, with shafts mounted 
onto the front and back acrylic panel with sealed bearings. The gear train will have input and output 
speed represented by lower and upper fans, respectively. The crank will be attached to the bottom 
shaft, supported by the wooden panel. This gear train system will be mounted inside the gearbox and 





Figure 16. Isometric View of the Gearbox System 
5.2  Gear Train Design and Justification 
 
Figure 17. Front View of the Gear Train System 
Figure 17 shows three different gear trains with varying gear ratios of approximately 1:0.5, 1:1, 
1:2 from input to output speed. As the handles are cranked by the user, the bottom gears on row 4 will 
turn the gears on row 3, which will turn at the input speed. Then, the gears on row 2 will rotate at a 







Display Casing Frame 








in the same direction as the row 3 gears. The user will be able to feel the wind at the speed of the cranks 
from the fans on row 3 and at the speeds set by the gear ratio from the fans on row 1. 
All 6 fans are identical plastic fans of 7in diameter. Plastic fans were evaluated and chosen as 
the most optimal material to withstand corrosion, provide enough wind for users to feel, and be used 
for a long period of time without deteriorating. However, we decided to add a display casing around the 
fans to ensure longevity and protect users from potential injuries. 
Each gear train uses identical aluminum cranks with square bores. The square bore ensures that 
the gears will turn with the rotation of the cranks. In addition, the aluminum crank had high resistance 
to corrosion and inexpensive cost in comparison to stainless steel or plastic cranks. 
 
Figure 18. Isometric View of 1:1 Ratio Gear 
 All gears will be cut from maple plywood, which is a commonly used hardwood for outdoor 
projects due to its resistance to weather change and relative humidity, which is ideal to reduce warping 
and dimension change. Although maple plywood does not drastically get affected by weather changes, 
we minimized the number of gear teeth to further ensure functionality. The gears have a thickness of 
1in to make sure each gear tooth does not bear too much stress. All gears also have a slot to fit a gear 
key, which will ensure that the gear will turn along with the shaft. 




Figure 19. Isometric View of Bottom Row’s Gear and Shaft Assembly 
 As shown in Figure 19, each gear will be mounted on the 1in red oak shaft and will be secured in 
place with two set screw collars, one on each side. The collars ensure each gear will stay in place, and 
also be more easily maintained and repaired. The ends of each shaft will be fixed to the gearbox with an 
aluminum sealed bearing to minimize friction. One end of the bottom shaft will be shaped square to fit 
the correct crank bore size as shown in Figure 20. 
 
Figure 20. Isometric View of Shaft and Crank Assembly 
The crank with square bore was chosen to ensure full transfer of motion from the crank to the shaft. 
This way, each motion of rotation not only relies on the washer and screw at the end of the crank but 
also relies on the shape of the bore to transfer the full input rotation. 
 






5.1.2 Display Casing Design and Justification 
  
Figure 21. Isometric View of the Display Casing System 
The display casing has a frame made from redwood 1” square dowels and each side made from 
wired mesh. The purpose of the mesh is to allow users to fully feel the wind speed difference of the 
input and output fans and to ensure particles, such as dirt, to not accumulate in the casing. In order to 
provide convenient maintenance, the casing is also designed with a sliding front door and a lock system 
to allow staff to clean the inside of the display casing. In addition, the display casing is also designed to 
protect users from getting injured by the rotating fans. The locking system also prevents loss of any 
gearbox component, which minimizes maintenance and repair. 
5.1.3 Gearbox Design and Justification 
 
Figure 22. Isometric View of the Gearbox System 
Gearbox Legs 










As shown in Figure 22, all sides of the gearbox will be made with acrylic panels. Acrylic panels 
were chosen to maximize the number of users and to allow observations of the gear interactions from 
all angles. In addition, the top acrylic panel brings in natural sunlight that will also help the users to 
make better observations. The acrylic top panel protects the insides of the gearbox from rain, dirt, and 
leaves from trees around the garden. Furthermore, the acrylic panels are designed to slide into the 
grooves in the gearbox legs and the wooden bottom panel, which allows a secure attachment to each 
wooden post and better seals from the outside. 
The gearbox leg will be manufactured from 4in by 4in redwood studs on each edge that will go 
2.5ft below ground level to fully and safely secure the gearbox exhibit. The height of 2.5ft was chosen as 
a conservative height to secure the exhibit underground because most fences in the Botanical Garden 
are secured 2ft underground.  
5.3 Post-CDR Design Changes 
 After the Critical Design Review, changes were made in consideration of manufacturing 




Figure 23a. Finalized Design of the Gearbox 
System after CDR. 
 
Figure 23.b Finalized Design of Gear Train 
System after CDR. 
 
First, the number of gear train ratio was reduced from 3 to 2 to reduce manufacturing time and increase 
effectiveness of learning about gear ratios by creating a more drastic change in gear ratios. Second, the 
slow gear train ratio was changed from 1:0.5 to 1:8, while the fast gear train ratio was changed from 1:2 
to 1:16. Lastly, the material of the crank handle was changed to stainless steel to increase handle 
lifetime and resistance to weather changes.  
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5.4 Cost Analysis Summary 
In order to account for potential manufacturing errors, we purchased extra materials, which 
increased total cost, but reduced the individual cost for each component. We also received donations of 
materials from Salem Cabinetry for Russian Birch panels and discounts from Hayward Lumber for 
redwood studs. The most expensive item for the gearbox exhibit was the acrylic panel set, which was 
used for all four sides of the gearbox. Because there is no acrylic vendor in San Luis Obispo, we 
purchased the acrylic panels from Home Depot to ensure availability. 
Next, we purchased Ipe square dowels from AdvantageLumber that was used in manufacturing 
the display casing frame. As shown in Table 4, other components are relatively inexpensive, except for 
the stainless-steel sealed and set screw bearings. Although the bearings were expensive, we concluded 
that this is an investment that will provide appropriate value since the bearings significantly reduce 
maintenance and repair for the Botanical Garden. 
A more comprehensive cost analysis is shown in the Project Budget document, in Appendix L. 
Although our total budget is $2,000 and the total cost of the gearbox is well below the total budget. 
 
Table 4. Summarized Cost Analysis for Verification Prototype. 
System Component Total Cost 
Gearbox Gearbox leg $223.18 
Acrylic Panels $545.93 
1” Screws $0.72 




(Sealed and Set Screw) 
$342.02 
Set Screw Collars $86.06 
Fans $41.87 
Display Case Mesh $28.48 
Frame $78.51 
Brackets $58.254 
Total Cost (Major components Only) $1,568.33 
Total Cost (All components, See Appendix L) $1,832.56 
6. Manufacturing  
The design of the Gearbox Exhibit was created to maximize visual attraction for users, while 
effectively teaching children about gears. Most of the key components were manufactured from raw 
materials or modified to fit our use. However, components such as the aluminum crank and the plastic 
fans were purchased from a third party. The drawings of each manufactured or modified component 
and the assembly drawings are shown in Appendix H. 
6.1 Material Procurement 
Each material was procured from various online and offline vendors. Four Redwood studs were 
obtained from Hayward Lumber and acrylic panels were ordered through Home Depot. All display casing 
Ipe wooden panels and square dowels were ordered through Advantage Lumber, and Oak round dowels 
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were procured through Rockler. Aluminum cranks and stainless-steel revolving handles were purchased 
from JW Winco, plastic fans were purchased from Grainger, stainless steel sealed bearings and stainless-
steel set screw bearings were purchased from Simply Bearings, and wired mesh was purchased from 
Farm Supply Company. All screws, bolts, nuts, and brackets were purchased from McMaster-Carr. Lastly, 
Polyx-oil wood coating was purchased from Osmo. 
Including all raw materials and components listed above, the total amount spent on this project 
is $1832.56. Our project is currently safely under budget of $2500, where $2000 was allocated by our 
Sponsors from SLOBG and $500 from Cal Poly. 
6.2 Manufacturing Components 
The manufacturing plan below provides a step-by-step process of how each component was 
manufactured and assembled for our final design. Appendix M contains steps by step manufacturing 
instructions on manufacturing this prototype. The following sections are summarized manufacturing 
steps that were taken, broken down into individual components. This section also includes challenges 
we faced during manufacturing and future recommendations. 
6.2.1 Gears 
The stock of Russian Birch wooden panel with ¼” thickness was cut with a table saw into size of 15 in by 
20 in to fit into the laser cutter table as shown in Figure 24 below. 
Figure 24. Gear manufacturing in progress using the laser cutter located in Mustang 60. 
The laser height was adjusted to avoid damage in the laser cutter by putting a Go/No Go gage 
available in Mustang 60. The cutting process was repeated twice to ensure all the gear pieces were 
completely cut. After all the gears were cut, four gears of identical size were glued together to create 
one gear with 1” thickness. Masking tape and two clamps were used to help with gear teeth alignment 
while glue is setting. Next, the oscillating wood sander was used to enlarge the keyway holes to create a 




Figure 25: Oscillating Spindle Sander located in Mustang 60. 
6.2.2 Top Display Frame 
The top display frame was cut with Miter saw, which is shown in Figure 26a below, to length of 
31.75 in. The frame was then routed using 5/8in square router bit on a table router, shown in Figure 26c 
below, with offset of 5/8in. This process was repeated twice to create a groove size of 0.75in. Using the 
press drill in Figure 26b, a total of three holes were drilled with #9 drill bit.  
   
Figure 26a. Miter Saw in Aero 
Hangar. 
Figure 26b. Press Drill in Aero 
Hangar. 




   
6.2.3 Bottom Display Frame 
The bottom frame had similar manufacturing process as the top frame. The frame was first cut 
with Miter saw to length of 31.75in, routed, then drilled. A total of 8 holes were drilled with M2.5 drill 
bit. 
6.2.4 Side Display Frame 
The side frame also had similar manufacturing processes as other frame parts. The frame was 
first cut with Miter saw to length of 23.50 in, routed, then drilled. Two holes were drilled with M2.5 drill 
bit, and one hole was drilled to depth of 1.25 in with #9 drill bit on the opposite end.  
6.2.5 Top and Bottom Screen Door 
Each top and bottom screen door piece was cut with Miter saw to length of 30 in. Two holes 
were drilled using #9 drill bit on each end.  
6.2.6 Side Screen Door 
Two side screen door pieces were cut with Miter saw to length of 23.50in. On each opposite 
end, a hole was drilled in the center using #9 drill bit. 
6.2.7 Top Casing Support 
The stock of cross section size of 1.5in by 0.75 in was cut to length of 1.5in using Miter saw. 
Then a total of three holes were drilled using a #9 drill bit, where the hole at an end was drilled to a 
depth of 1.25in. 
6.2.8 Bottom Casing Support 
A stock size identical to the top casing support was used to cut to length of 3.50 in using Miter 
saw. Then a total of three holes were drilled using a #9 drill bit, where the hole at an end was drilled to a 
depth of 1.25 in. 
 
6.2.9 Crank Support Panel 
A stock size of cross section of 0.75 in by 5.5 in was cut to length of 31.75in using Miter saw. 
Two large holes were drilled using hole dozer size of 1.75in. A total of 12 holes were drilled using M2.5 
drill bit as shown in drawing number 131000. 
6.2.10 Display Dowel Rods 
The stock rod with 1 in diameter was cut using Miter saw to length of 12.56 in. Two holes were 
drilled with ¼” drill bit to depth of 0.5in, where one is located 6.25in from the end and the other is 
located 6.75in from the end. 
6.2.11 Inner Rod 
An identical stock as the display rod was cut to length of 10.56in using Miter saw. Two holes 
were drilled with ¼” drill bit to depth of 0.5in, where one is located 6.25in from the end and the other is 
located 6.75in from the end. 
32 
 
6.2.12 Crank Rod 
An identical stock as the display rod was cut to length of 15.06in using Miter saw. Two holes 
were drilled with ¼” drill bit to depth of 0.5in, where one is located 6.25in from the end and the other is 
located 6.75in from the end. The other end was chiseled to square cross section of side 0.5in to depth of 
1.50in. 
To cut the square end of the dowel rod, the end of the rod was traced to the size of the crank 
square bore. From there, we slowly chiseled away the wood using a mallet and achieved the correct 
square cross-section and depth. Finally, sandpaper was used to smooth out the grooves and to shave 
the last small bit of wood off to fit the bore perfectly. 
6.2.13 Top Acrylic Panel 
A permanent marker and T square was first used to sketch the correct panel dimension. This 
stock of ¼" thick 4’x4’ acrylic panel was then cut using a table saw, shown in Figure 27. The guard rail 
shown in Figure 27 ensured a straight cut along the edge of the acrylic panel. To keep the panel 
dimensions accurate, the width of the saw blade was considered while cutting. Lastly, an electric hand 
drill was used to drill pilot holes in the corners of the panel.  
 
Figure 27. Table Saw in the Cal Poly Mustang 60 Machine Shop 
6.2.14 Bottom Acrylic Panel 
The bottom panel was manufactured from one of our ¼ " thick stock acrylic panel. Looking at the 
CAD drawing, we started with using a meter stick and sharpie to draw the outer rectangular shape of 
our panel. Then, we used the table saw to cut the main rectangle of the bottom panel. Next, we had to 
cut out the corners of the panel. We used a ruler and a sharpie along with the CAD drawing to mark out 
the lines we need to cut to remove the corners. Since these are only partial cuts (not all of the way 
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through), we used the band saw shown in Figure 28. We used a guard rail with the band saw to ensure a 
straight cut. 
 
Figure 28. Band Saw in Cal Poly Mustang 60 Machine Shop 
The reason we removed the corners of the bottom panel is so the panel can fit into the 
horizontal slits on the gearbox legs. The function of this panel is to be the bottom casing of the gearbox. 
We were not faced with many challenges during this process. We had to account for the thickness of 
both saw blades when making our cuts to keep our dimensions accurate.  
6.2.15 Side Acrylic Panels 
The gearbox has two side acrylic panels, both panels are identical and are manufactured the 
same way as the top acrylic panel. We used leftover acrylic stock from the top and bottom panels and 
used a meter stick and sharpie to determine our cut lines in accordance with our CAD drawing. We used 
the table saw with a guard rail to make our cuts. 
These panels are the side casing to our gearbox. They slide into the vertical slits along the length 
of the redwood stud legs. There were not many challenges we faced while manufacturing this part. We 
had to consider the thickness of the saw blade when making our cuts to ensure accurate dimensions. 
6.2.16 Back Acrylic Panel 
The stock acrylic size was 4’x4’ with ¼ " thickness. We used a sharpie and meter stick to mark the 
outer rectangular shape of the back panel. Then, we used the table saw along with a guard rail to cut the 
panel to shape. After that, we had to drill the holes where our set-screw bearings will be. We started off 
with a meter stick and sharpie to determine the location of the bearing holes. Then, we used a 2” 
diameter circular saw drill bit and a hand drill to make the holes. Finally, we used a hand drill with a 
small drill bit to drill pilot holes in the corners of the back panel where screws will go. 
The back acrylic panel does not slide into slits in the legs, it is screwed into the backside of the 
legs so that the panel can be removed if maintenance needs to be performed. The back panel also acts 
as the rear casing for the gearbox and houses the set-screw bearings.  
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6.2.17 Front Acrylic Panel 
We decided to use the CNC water-jet machine shown in Figure 29 to manufacture the front 
panel. We used a fresh piece of our stock ¼" thick 4’x4’ acrylic panels so the water-jet can cut our piece 
with precision and accuracy. We filled out the Water-Jet Request form on the Cal Poly ME Machine Shop 
website and attached a (.dxf) file of the front panel CAD drawing. Then, the Cal Poly Mustang 60 shop 
technicians operated the water-jet machine to make all the cuts and holes needed in our panel. It cut 
the panel to its rectangular size, cut the bearing holes, and made the pilot holes for screws. 
 
Figure 29. Water-Jet in the Cal Poly Mustang 60 Machine Shop 
The front acrylic panel is the front casing of the gearbox. It slides into the vertical slits along the 
length of the redwood stud legs. The front panel also holds the stainless-steel ball bearings in place. No 
challenges were faced in manufacturing this part. All our team had to do was give the shop technicians a 
(.dxf) file of the CAD drawing for the front acrylic panel and they cut it for us. 
6.2.18 Redwood Studs 
The gearbox exhibit has four redwood studs that are the legs of the gearbox. All four studs are 
identical and used the same exact manufacturing process. Each stud only needed to have ¼ " wide and 
¼ " deep slots routed. The first step was to cut the studs to a length of seven feet. We did this using the 
Miter saw shown in Figure 30. Looking at the CAD drawing of the studs, we used a measuring tape and 
masking tape to locate the distance we needed to route the slits parallel with the length of the leg. This 
first axial slit can go along the center of any face of your choosing. The second axial slit must go on a face 
directly adjacent to first slit on either side. Which side you choose does not matter because the legs can 
later be oriented into position as they are all identical. For both slits on adjacent faces, we used the 
table saw and along with the guard rail to make our straight slit cuts. The blade was lowered into the 
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table to only cut ¼" deep. The blade itself is 1/8” thick, so we had to make two adjacent cuts in order to 
create our ¼ " slit. If there is a thin strip of paper in between the two blade cuts, you can use a chisel to 
remove it. Since the blade is round, the slit has a long gradual slope at the end it. You must make the cut 
so that the middle of the blade (tallest point ¼ " high) cuts all of the way to the desired slit length. From 
there, cut a small scrap piece of wood that can fit in the slit and act as a stopper for the panels sliding in. 
Use wood glue to secure the stopper. Finally, we had to cut the horizontal slits (parallel with the 
ground). This cut has much less length and was simply done with a hand router and a guard rail. 
 
Figure 30. Miter Saw in the Cal Poly Mustang 60 Machine Shop 
The redwood studs are the legs of the gearbox and keep the gearbox off the ground. These 
studs are the main structural integrity of the entire exhibit. The front, back, side, and bottom panels all 
slide into the slits routed in the legs. The rest of the panels along with the display casing are all screwed 
into the redwood studs.  
6.3 Challenges 
This section discusses about the challenges that were faced during manufacturing and assembly. 
6.3.1 Gear Manufacturing 
A problem that we faced during this process is that we used the pitch diameter instead of outer 
diameter to cut the gears. All gear sizes were off by same amount of approximately 0.375-inches, so the 
overall diametral pitch did not change. However, because the keyways were also smaller than desirable 
amount, we drilled the keyway holes separately. We attempted to glue them together and drill the 
glued gears, but it was nearly impossible to press drill 2.5in gears because the gears were moving too 
much even with clamps and fixtures. We attempted to use hand drill to enlarge the hole, but it was still 
too difficult to get the keyways to be perfectly centered and straight. Since all the smaller gears were 
glued already, we decided to laser cut the smaller gears again and drill the holes before gluing to have 
less variability while using a hand drill. Afterward, we used the grinder to make sure that they are 
36 
 
centered and functional. The 5-in and 10-in gears were large enough to be clamped onto the drill press. 
We adjusted the keyway size as well.  
6.3.2 Drilling 
One of the main challenges was determining the correct hole size for screws. Because all frame 
materials are Ipe wood, which is a very dense tropical hardwood, the hole size for screws needed to be 
larger than the recommended size. When the screw was drilled into the part with the recommended 
pilot hole size, the wood was so hard that the screw broke off instead of getting screwed into the part.  
When cutting the back acrylic panel, we did not face any challenges in cutting the panel to shape 
or when drilling the pilot holes. However, when drilling the larger bearing holes, we let the drill bit cool 
in between drilling holes so that it does not melt and fuse the plastic acrylic shavings to the panel. 
6.3.3 Routing 
When making the long axial slits on studs, there was a good challenge during the manufacturing 
process. We had to figure out a way to cut the long axial slits while keeping them extremely straight. We 
attempted to use a hand router or a router table. However, we decided to use the table saw even 
though it added some extra manufacturing steps because we could ensure a straight cut with the guard 
rail. This method required two cuts with the table saw per slit because the blade was only 1/8” wide and 
our slits needed to be ¼ " wide. 
6.3.4 Chiseling 
Because we had no prior experience with chiseling, so it was nerve wracking at first because we 
did not want to mess up. We took it very slow and did not take off big chunks. Once we got into the 
groove of chiseling and realized we had to take our time, it was not nearly as stressful, and our nerves 
went away. 
6.4 Recommendation for future production 
Throughout the manufacturing and assembly process, there are a few things we would like to 
recommend for future production. First, wood dimensions are not exact. For instance, 1”x1” wooden 
dowel will have cross section of ¾” x ¾” instead. Incorporate the correct dimensions into the CAD during 
concept design to avoid issues in the future. In the process of cutting gears, group each gear and have a 
separate tab that has all the settings done. This will save time to change the gears to right setting every 
tab. Copy and paste function can be applied to different tabs so utilize it to save time. Also, check the 
laser cutter multiple times before actually cutting. Keep in mind that the gear sizing is the pitch 
diameter, not the outer diameter. For smaller gears, drill the keyway to proper size with hand drill 
before gluing. For medium and larger gears, glue first and then drill out the keyway with the press drill.  
Second, we recommend using waterjet to cut all panels to size and cut holes. This method not 
only saves time but also makes more accurate cuts. This is essential for bearing holes because bearings 
need a tight tolerance interference fit with the acrylic panel holes in order to fully secure the gear train 
onto the gearbox. 
Third, Ipe wood has a higher hardness than typical hardwoods. Because of this material 
property, impact drill is required for manufacturing. In addition, choose screws that can withstand heavy 
impact, such as torx or hex head screws and avoid slotted head screws. 
Last, we recommend putting on bottom mesh after assembling the display case with the gear 
box. This is because the bottom four holes are difficult to drill when the mesh is stapled in. 
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7. Design Verification Plan 
The purpose of the Design Verification Plan (DVP) is to explain how we will test the gearbox 
exhibit and check whether it meets all the specifications listed in Table 1. The DVP also includes our 
measurements, acceptance criteria, required equipment and parts, and estimated start date for each 
test, and the person responsible for each test. A complete summary of the DVP document can be found 
in Appendix J. The following sections explain the specifications and tests that have been performed. 
7.1 Load Test 
Our first specification is the top acrylic panel must be able to withstand at least 100 lbf 
distributed across the top surface. We decided to specify a minimum of 100lbf because this is a loading 
that is comparable to a 12-year-old child’s weight according to an article from Livestrong (Reference 10). 
Although our target audience is children of ages 8-11, we based this specification from the average 
weight of a 12-year-old child to be conservative. The specification was set to ensure the structural 
integrity of the gearbox in case a child is placed on top of the gearbox. Although it is unlikely for a child 
to climb or to be placed on top of the gearbox because of its narrow design, we tested this specification 
using SolidWorks Finite Element Analysis (FEA) to further ensure safety. This specification was tested 
using FEA by distributing a static load of 100lbf on the top acrylic surface. The acceptance criterion is to 
hold a minimum of 100lbf of weight without showing any deformation and to not experience a 
maximum stress that exceeds its yield strength of 40.0MPa. 
Figure 31. FEA result from a distributed load of 100lbf on the top acrylic surface. 
Figure 31 shows the FEA result, where the maximum stress experienced by the top acrylic 
surface is well below the yield strength of 40.0 MPa. In addition, the deformation scale is noted on the 
upper left corner as 735.697, which indicates that the model was scaled to 735.697 to observe the 
deformation. Therefore, we will not be able to observe any sign of deformation from a load of 100 lbf on 
the top surface of the gearbox. 
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7.2 Gearbox Waterproofness Test  
Our second specification is waterproofness. Since the gearbox exhibit will be permanently 
placed outdoors, the gears must remain dry to prevent warping and dimension changes. This 
would greatly decrease the life and the functionality of the geartrain, resulting in substandard user 
experience. The purpose of this test is to evaluate whether the gearbox can prevent water from 
entering.    
The gearbox must be able to keep out a water flowrate of at least 5gpm, which is a conservative 
measure of flowrate converted from maximum rainfall in San Luis Obispo county. The flowrate was 
calculated by multiplying the area affected by the rain intensity, or the rainfall rate. The total area of the 
Children’s Garden, 750 sq. ft, was used as a conservative measure of the affected area, and a rainfall of 
0.5in/hr was used as the level of rain intensity, since rainfall of 0.3 in/hr is considered heavy rain 
according to WeatherShack Education Center (reference 11). This calculation was converted to a 
flowrate of 3.9gpm. Cal Poly Irrigation Training and Research Center’s Official Cal Poly Precipitation Data 
also showed that the heaviest amount of rain observed was 13.36in in March 2016, and an average of 
4in of rain in the month of March for the last decade. This data further validated that testing with a 
flowrate of 5gpm will be accounting for the extremes of the local environmental conditions. 
This is one of the two tests that we were not able to conduct before the due date of this report. 
We are planning to conduct this test at the botanical garden on June 19th using a hose and water source 
they have on site. 
To conduct this test, we will use a hose to spray water 5 gpm on the gearbox. We will spray the 
box 5 times for 20 seconds and looked for leaks in between each spray. The full test procedure for this 
experiment can be found in Appendix N under the “Gearbox Waterproofness Test”.     
   
7.3 Motorized Gear Wear Test   
Our third specification is longevity and minimum 5 years of lifetime of the gearbox. This Gear 
Wear test accounts for the longevity of the gears from wear due to friction and lifetime of gears in the 
gearbox exhibit. We expect each gear train to experience 26,280,000 revolutions over the lifespan of 5 
years from estimating that the average spin speed of the user is two revolutions per second and that 
each geartrain will experience up to two hours of spinning per day. The purpose of this test is to 
estimate the lifetime of gears, which is determined to be an essential experiment for this specification 
since gears’ lifetime is directly related to the lifetime of the exhibit.  
  This is the second of the two tests that we were not able to conduct before the due date of this 
report. Our group will not be conducting this test because we do not have the time or resources to 
complete it this late in the quarter. We will provide our sponsors with the identical set of “fast ratio gear 
train” gears and clear instructions on how to conduct the test. Our sponsors are not concerned about 
this test not being done because it is not a test regarding user safety. 
If this test is conducted in the future, this test will be done on an identical set of “fast ratio gear 
train” to ensure the test does not affect the prototype. To conduct this test, we will program a motor to 
run at 120 RPM for total of 7 hours while changing rotation direction every 30-minute interval. The total 
number of gear rotation experienced by the slowest spinning gear is at least 50,000 revolutions, which 
will cause the fastest spinning gear to experience at least 800,000 revolutions. The fastest spinning gear 
will be observed for any wear by comparing the gear teeth dimensions before and after the 
experiment. This data will be used to estimate the wear after 26,000,000 revolutions, which is an 
approximate amount of gear wear after 5 years.    
 
7.4 Display Casing Door Test  
Out next specification is usability and maintenance of the gearbox panels. The front acrylic panel 
of the gearbox and the display casing will need to be cleaned regularly for users to see the gear 
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interactions. For maintenance, and to access the inside of the display casing, the front mesh panel must 
be able to slide along a track without any snags to ensure usability. The purpose of this test is to ensure 
that the display casing door opens and closes without any snag, which accounts for accessibility 
during maintenance or repair. The acceptable test criterion is that the panel slides without any 
hindrance in 5 seconds or less by any operator. The result will be recorded as pass or fail. 
This test was conducted by measuring the time for the user to open and close the door. The 
acceptance criterion is that each opening and closing process will take no longer than 5 
seconds.  The full test procedure for this experiment can be found in Appendix N under the “Display 
Casing Door Test”. A summary of this procedure along with its results can be found in our DVP&R 
in Appendix J.    
While opening the door, operators were able to open the door without any snag in under 5 
seconds. The average time it took to open the door was 2.81 seconds. While closing the door, all 
operators were able to close the door without any snag in under 5 seconds. The average time it took to 
close the door was 4.33 seconds. Our display casing door has passed our test and performs as intended. 
 
7.5 Bearing Wear Test   
The Bearing Wear test also accounts for the longevity and lifetime of the gearbox. Since the 
bearings will be exposed to rain, moisture, and other conditions, the functionality and reactions of 
bearings must be tested to ensure that the bearings will last a minimum of 5 years. The purpose of the 
bearing wear test is to see whether the bearings would last the outdoor environment for an extended 
amount of time.   
This test was performed by leaving a bearing in an outdoor environment for four 
weeks to observe how much the bearing rusts. The acceptance criterion is that the bearings will not 
show any sign of rust or decrease in performance.  
  
   
Figure 32. Bearing after the month of February.   
  
As shown on the Figure 32, the bearing was observed to have a significant amount of rust. In 
addition, the performance of the bearings decreased significantly. We concluded that the chrome steel 
bearings failed the test, which led to change of components from chrome-steel sealed bearings to 
stainless-steel bearings.  The full test procedure for this experiment can be found in Appendix M under 
the “Bearing Wear Test”. A summary of this procedure along with its results can be found in our DVP&R 




7.6 Gear Train Functionality Test  
Our next specification is the usability of the geartrain system. The geartrain system must feel 
smooth and easy to operate to ensure functionality. This test is essential since geartrain functionality is 
directly related to user experience. 
This test will be conducted by surveying 20 participants on the user experience. Prior to 
survey, each participant will be asked to test each gear train for at least 30 seconds. Then they will be 
asked to rate the gear train functionality based on smoothness and functionality of input and 
output components. Each geartrain must receive an average score of 7.5 to pass. The full test procedure 
for this experiment can be found in Appendix N under the “Geartrain Functionality Test”. A summary of 
this procedure along with its results can be found in our DVP&R in Appendix N.    
After each of the 20 participants spun each geartrain, we asked them how easy it was to turn, 
how smooth the gear train felt, if they think an eight-year-old could spin it, and how their overall 
experience was including their enjoyment factor. When asked how easy it was to spin on a scale of 1-10 
(10 being easy), the fast-spinning geartrain scored an average of 6.725 and the slow spinning geartrain 
scored an average of 9.4. When asked how smooth the geartrain felt on a scale of 1-10 (10 being 
smooth), the fast-spinning geartrain scored an average of 7.125 and the slow spinning geartrain scored 
an average of 8.825. When asked if an eight-year-old could spin the geartrain, all participants said that 
an eight-year-old could spin the slow geartrain, but only 80% of participants said that an eight-year-old 
could spin the fast geartrain. The other 20% were unsure and said that an eight-year-old could “maybe” 
spin the fast geartrain. When asked about their overall experience (including enjoyment factor) while 
spinning each geartrain, the fast geartrain scored an average of 8.5 while the slow geartrain scored an 
average of 7.55. 
The slow spinning geartrain has passed our functionality test but does not seem to be as 
enjoyable to operate. All participants agreed that the fast-spinning geartrain was much more enjoyable 
to operate. However, the fast-spinning geartrain just barely failed our functionality test. It still spins and 
functions well, but it is not as easy to spin as we had hoped, and the gears do not feel as smooth as we 
had hoped. The fast-spinning geartrain has failed our test. No participants felt that an eight-year-old 
child would be unable to spin the geartrain, so we still feel that the geartrain will fulfill its purpose even 
though it does not spin as easily as we had hoped. In addition, we are expecting the excess glue on the 
gear teeth to wear overtime with use, making the geartrain easier to spin in the future. 
 
7.7 Shaft Diameter Test 
The Shaft Diameter test accounts for the usability of the gear train system. The geartrain will be 
connected to the box’s front and back panel through the bearing. This test is essential to make sure that 
the shafts and bearings have interference fit that will deliver the correct gear motion when in use. 
This test was conducted by measuring each shaft diameter at the location where bearing is to 
fit. The measurement was repeated 5 times for each shaft to account for measurement error and 
statistical uncertainty. Reading uncertainty was also included into the uncertainty calculation by using 
the caliper’s resolution. Both uncertainty was combined by using root sum squared method to obtain a 
total uncertainty of ±0.0003in for all shafts. The average for each shaft is recorded in Appendix N: Test 
Procedures.  
  
7.8 Wind Speed Test  
This wind speed experiment tests the usability of the geartrain system’s inputs and 
outputs. The usability of the geartrain system includes noticeable difference in input and output fan 
speed as designed by the gear train ratio. The purpose of this test is to ensure that the fast gear train 
system has output speed of 16 times the input speed within uncertainty of 10%. This experiment will 
test the specification that our wind speed of the fast gear train is 16 times the input speed.   
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 This test was conducted by an operator spinning the crank with a consistent speed of 1 crank 
revolution per second and taking measurement of both the input and output fans’ wind speed with an 
anemometer. This was done for 7 different trials. The acceptance criterion is that the output wind speed 
is approximately 16 times the input wind speed within ±10% error.  The full test procedure for this 
experiment can be found in Appendix N under the “Wind Speed Test”. A summary of this procedure 
along with its results can be found in our DVP&R in Appendix J.    
Over seven trials on the fast-spinning geartrain, the output fan wind speed was an average of 
4.01 times larger than the input fan wind speed. This results in our wind speed test being a failure. 
However, the wind speed being 4 times greater is still significant enough to feel a difference even 
though it is not as dramatic as we had hoped. To help compensate for the failure, we will paint each 
individual blade on the fans a different vibrant color so that there is also a visual aspect that lets you 
observe the speed difference. 
8. Project Management 
This project is unique because San Luis Obispo Botanical Garden currently does not have an 
interactive and educational outdoor exhibit. Also, our Gearbox Exhibit will be in an outdoor and public 
setting unlike many existing physics exhibits in science museums and aquariums. This allows children to 
learn more physically and actively, enabling the children to not only see the physics mechanisms but 
also have a full sensory experience by touching and feeling. This helps the users to connect the 
experience of the exhibit with what is learned in school or observed in everyday life. 
The first step in approaching this project was discussing with our sponsors their wants and 
needs to get a better grasp of the scope of the project. Afterwards, we researched different applicable 
ideas and physics topics 3rd to 6th graders learn in school. Moreover, other physics museum exhibits and 
patents were researched to broaden our options. This process was presented to our sponsors in the 
Scope of Work document. After confirming the scope of work and responsibilities with our sponsors, we 
began selecting and evaluating potential topics and ideas based on the manufacturability, the students’ 
educational level, and the requirements provided by our sponsors.  Each idea was compared using 
various matrices and sketches. From this process, we narrowed down the options to an Echo Tube, a 
Gearbox, or a Balance Exhibit and discussed with our sponsors to select the final concept. Computer-
Aided Designing (CAD) was also used to create a visual image of the final concept, which was the 
Gearbox Exhibit. We then updated the QFD chart that is more specific to the Gearbox Exhibit. Our 
designs are iterated with the inputs from our sponsors and will be evaluated by a licensed engineer 
before building a physical model for the Botanical Garden. Our key deadlines until the final design 
review is outlined in Table 5, and our overall schedule is shown in the Gantt Chart in Appendix C. 
Table 5. Key Deliverables 
Date Deliverables 
10/13/20 Scope of Work 
11/12/20 Preliminary Design Review 
01/14/21 Interim Design Review 
02/19/21 Critical Design Review 
05/28/21 Senior Project Expo 





We began purchasing the raw materials at the end of February 2021 upon confirmation from 
our sponsors. Some components in the gear train system such as sealed bearings, set-screw bearings, 
cranks, set-screw shaft collars, and fans were ordered from online vendors as standard parts. All screws 
were purchased online from McMaster-Carr. The acrylic panel stock was purchased online from Home 
Depot. The redwood studs were purchased with a discounted price from Hayward Lumber in San Luis 
Obispo. The Ipe hardwood used to construct the display case and door was purchased from Advantage 
Lumber. The hardwire mesh was purchased at Farm Supply in San Luis Obispo. The round dowels used 
as our gear shafts were purchased online from Rockler. Finally, the wood used to make the gears was 
donated to us from Salem Cabinetry in San Luis Obispo. The details to our purchases can be found in our 
project budget in Appendix L. 
8.2 Project Manufacturing and Assembly 
This was a very ambitious project for our group. The gearbox exhibit is very large in size and 
required a lot of parts to be manufactured. In the beginning of the school year, our group lost one of our 
four team members. The project was still considered manageable until the design phase with three 
members even through a sudden change of direction of the project. However, our team struggled to 
meet deadlines during the manufacturing phase when we were really in need of a fourth person 
especially with a limited number of machine shop hours. In order to cover for the missing team member, 
each team member spent a minimum of 10 hours most weeks in the shop to manufacture parts. In 
addition, most of our team members did not have any prior experience with machining and 
manufacturing. This resulted in critical manufacturing mistakes, which caused manufacturing each part 
to take much longer than anticipated. There has been times where a part was ruined badly that the part 
had to be completely re-manufactured with an extra stock material. These issues created delays in our 
schedule during the manufacturing phase. 
Moreover, the delayed schedule caused all members to be pressured to rush during the 
assembly phase. Although we initially planned out the steps for assembly, we still ran into issues during 
assembly. For instance, we added mesh to all sides of the display case before the case was attached to 
the gearbox. However, this made it difficult for the drill to fit in between the display case and the front 
panel, while four screws were designed to be bolted in that area. Overall, our team faced more 
manufacturing and assembly problems than expected, which led the manufacturing and assembly 
processes to take much longer even though each member dedicated extra hours on manufacturing. On 
future projects, we estimate manufacturing and assembly to take about 10 weeks if each member in a 
team of four dedicates about 8 hours each week.  
8.3 Project Performance 
Unfortunately, our project has failed some of the tests listed in DVP&R. The slow speed 
geartrain functions very well and has passed all our tests. However, the fast speed gear train requires 
more torque and power to spin than expected. Also, the fast speed gear train failed the wind speed test 
criteria. Instead of wind speed increase of 16 times, the wind speed increased about 4 times than the 
input speed. Although the wind speed did not meet our expectation, we concluded that the fast gear 
train can still teach our target audience about gears because the wind speed difference was significant 
enough to feel the difference. Especially with visual effect of colorful fans, the prototype will entertain 
and help the user learn about gear ratio effects. In order to make sure that our target audience can 
enjoy and learn from this project, we surveyed our participants from the gear train functionality test 
about their expectation of the age of the audience. None of the participants responded that an eight-
year-old would be unable to spin our geartrain, which helped us conclude that the project can still be 
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effective as children play with our prototype. In addition, we expect excess glue on the gears to wear 
over time, which will cause the geartrain to turn more easily as the prototype wears.  
Because our team was unable to conduct our gear wear test, there is no information on whether 
the wooden gears will have a lifetime of 5 years. However, we will provide our sponsors with all 
necessary information to conduct the gear wear test. This was discussed with our sponsors from SLOBG. 
From the discussion, the incomplete test was determined to not affect safety of the prototype and the 
user, so the exhibit was decided to be installed at the garden. 
8.5 Project Budget 
The project currently has $2,000 allocated from our sponsors. The total estimated cost of the 
project is lower than the allocated budget. Our team was able to get donations from Salem Cabinetry 
which reduced the prototype expenses. The details of the project budget are shown in Appendix L. 
9. Conclusions and Recommendations 
The Final Design Review report shows the changed concept design, the final detailed design, the 
manufacturing and assembly steps, and the design verification tests for the final prototype. The 
prototype achieved the main purpose of the project, which is to teach children about physics in a fun 
and an interactive way. The prototype did not achieve the designed physical effect of wind speed 
because increase in required torque to turn crank was not thoroughly considered during design changes 
that were made after the Critical Design Review. Although the prototype did not pass this test, the test 
results showed that the prototype can still be used to teach about gear ratio effects in a fun way with 
vivid visual effects and some physical effects. In addition, the prototype was not tested for gear 
longevity because of limited project time. If our team is to work on this project again, we would like to 
choose a design that requires lighter manufacturing process to make sure the deadlines are met 
regardless of the number of team members. We recommend that the next step for this project to be 
conducting the gear wear test to estimate the gear longevity and installing signage and instructions next 
to the prototype. 
10. References 
1. Downie, Neil. “Five Amazing Physics Demonstrations.” Physics World. April 2015, http://live.iop-
pp01.agh.sleek.net/2015/03/26/five-amazing-physics-demonstrations/ 
2. Exploratorium Physics Exhibits. https://www.exploratorium.edu/exhibits/subject/physics 
3. Frank, David. “Top 10 Physics Demos You’re Not Doing!” Arbor Scientific. 18 Feb. 2019, 
https://www.arborsci.com/blogs/cool/top-ten-best-physics-demos-youre-not-doing 
4. The Botaneers, F66, et al. “Physics In the Garden - Problem Understanding Interview.” 29 Sept. 
2020. 
5. Jawaharlal Nehru Planetarium. https://www.taralaya.org/echo-tube.html 
6. Techniquest. https://www.techniquest.org/blog/exhibit/echo-tube/ 
7. Nagoya City Science Museum. http://www.ncsm.city.nagoya.jp/cgi-
bin/en/exhibition_guide/exhibit.cgi?id=S212 
8. Ankidyne Science Park. https://www.ankidyne.com/science-park/echo-tube/ 
9. Wonderlab. https://www.scienceandmediamuseum.org.uk/sites/default/files/2017-
03/Echo%20Tube.pdf 
10. Galic, Bojana. “What’s the Average Height and Weight by Age?” Live Strong. July 2020, 
https://www.livestrong.com/article/328220-the-average-height-and-weight-by-age/ 




12. Irrigation Training and Research Center, California Polytechnic State University. “Official Cal Poly 
Precipitation Data” Cal Poly ITRC. 2021. http://www.itrc.org/databases/precip/Monthly.pdf  
45 
 
Appendix A. Initial Patent Research 






This device demonstrates the 
relation of potential energy, 
kinetic energy and friction force 
intuitively, the utility model 
provides a kind of single 
pendulum raceway physics 
demonstration. 
 
The patent covers the 
connecting links between the 
supporting plate, bearing, 
worm screw, and bearing seat. 
The patent also covers the bar-
shaped trough in the lower end 
of support column, and that the 
screw is connected to the base 










This is a device that visually 
demonstrates magnetic fields. 
 
The patent covers the 
distribution of the needles on 
the raised center, the switch on 
the base being connected with 
electromagnetic circle wire, the 
vibration control switch, the 
rotating handles on the chassis, 












This device demonstrates 
multiple functions of mechanics 
 
The patent covers the exact 
mechanical setup, the storage 
box in the side of the base, and 
the arrangement of universal 









That Throws   
Physics Device 
 
This device demonstrates 
parabolic trajectory of a free 
flying object and helps mentally 
separate vertical and horizontal 
velocity. 
 
The patent covers the push-rod 
electric machine, the controller, 












This device demonstrates how 
leverage works and how it 
could be used for mechanical 
advantage. 
 
The patent covers the rolling 
wheel shaft being on a 
symmetric telescopic arm, the 
support bars arranged on the 
left and right sides of the base, 
the 60-degree angled support 












This device demonstrates how 
friction force is dependent on 
the normal force experienced 
between two bodies by using 
an adjustable inclined plane. 
 
The patent covers how the 
bottom seat box is arranged on 
the square structure, the cavity 
that accommodates the 
hanging plate, the foldable 
telescopic bar, the inlaying 
magnet in the cavity, and the 












This device demonstrates how 
you can turn rotational motion 
into linear (translational) 
motion. 
 
The patent covers the runner, 







Appendix B. QFD House of Quality  
 
Note: QFD is updated from the PDR from Echo Tube to Gearbox Exhibit.  
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The Echo Tube will be displayed as a maze where 
children can speak into the tube to test whether it’s 
a speaking tube or an echo tube. This teaches 
children about how soundwaves travel and how it 
can reflect back to create an echo. 
Balance 
 
The Balance exhibit will allow children to go on a 
randomly shaped balancing surface to find the 
center of gravity. This teaches children about how 
center of gravity is not always at the center of the 
object. 
Friction Track Racing 
 
The Friction Track Racing exhibit has several tracks 
with surfaces with different level of friction. This 
will allow children to physically compare how 
surface with high friction feels. Children will also be 
able to correlate friction to speed of an object by 
having identical carts race down the tracks and 
comparing the speed.  
Gearbox 
 
The Gearbox will allow children to crank gears to 
see how gears work to efficiently move heavy 
object or turn an object faster. This will teach them 
about the relationship between the gear size and 
gear speed.  
Gyroscope 
 
The Gyroscope exhibit will allow children to sit on a 
rotating chair to physically feel the effect of 
conservation of angular momentum caused by the 


























Appendix H: Drawing Package 
 
 
Assembly Part    
Level Number   Description Qty 
    Lvl0 Lvl1 Lvl2 Lvl3   
0 100000 Gearbox Assembly   
1 110000   Gearbox   
2 111000   Acrylic Front Panel 32"x32" 1 
2 112000  Acrylic Back Panel 40”x32” 1 
2 113000   Acrylic Side Panel 4"x32" 2 
2 114000   Acrylic Bottom Panel 12"x40" 1 
2 115000   Acrylic Top Panel 12"x48" 1 
2 116000  Front Right Wood Stud 4"x4"x72" 1 
2 117000  Front Left Wood Stud 4"x4"x72" 1 
2 118000  Back Right Wood Stud 4"x4"x72" 1 
2 119000   Back Left Wood Studs 4"x4"x72" 1 
3 11A000  Bearings 10 
3 11B000  Set Screw Bearings 10 
3 11C000   Brackets (1"x1"x1.25") 6 
3 11D000   Screws (Phillips Flat Head #10) 16 
3 11E000  10mm Bolts (Hex Head M3) 16 
3 11F000  Nuts (M3) 16 
3 11G000  20mm (Pan Head Head M3) 8 
3 11H000   General Construction Adhesive 1 
1 120000   Geartrain Assembly   
2 121000   Small Gear (2.75" Dia) 2 
2 122000   Medium Gear (5.25" Dia) 8 
2 123000   Big Gear (10.25" Dia) 2 
2 124000   Oak Wood Crank Shafts 1 (1"x 15.06") 2 
2 125000  Oak Wood Display Shafts 2 (1"x 12.56") 2 
2 126000  Oak Wood Inner Shafts 3 (1"x 10.56") 1 
2 127000  Oak Wood Display Shafts 4 (1"x 12.56") 1 
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2 128000  Oak Wood Inner Shafts 4 (1"x 10.56") 1 
2 129000  Oak Wood Inner Shafts 5 (1"x 10.56") 1 
2 12A000  Oak Wood Display Shafts 6 (1"x 12.56") 1 
3 12B000  Set Screw Shaft Collar (1.5” x 5/8”) 24 
3 12C000   Wooden Dowel Key 12 
3 12D000   Wood Glue 1 
3 12E000   Crank (1" Bore) 3 
3 12F000   Display Fan (7" Dia) 6 
1  130000   Display Box 1 
 3 131000   Mesh 4 
 2 132000   Casing Slit – Bottom 4 
  133000   Casing Slit – Top 2 
  134000   Casing Slit – Side 12 
 135000  Frontal Crank Support 1 
 136000  Casing Support – Bottom 4 
 137000  Casing Support – Top 2 
 138000  Mesh Frame – Top and Bottom 2 







   
 












































































































































































































































































































Appendix I: Indented Bill of Materials 
 






Appendix J: Design Verification Plan 
 
  






Appendix K: Failure Modes & Effect Analysis 
 













Appendix L: Project Budget 
 
 
Appendix M: Manufacturing Instruction 
M.1 Gears 
Gears are the main part of the gear train that will connect from user input to output. All 
gears will be cut using a stock wood of 0.25” thick maple panel of dimensions 24” by 48”. 






Step 1: Cut the stock 0.25” thick maple panel to dimensions of 15” by 20”. 
Step 2: Insert the cut panel into the laser cutter. 
Step 3: Make a SolidWorks drawing that only consists of the surface that will be cut. Make sure to 
delete the sheet format. 
Step 4: Save the drawing as “dxf.” file and transport the file into the laser cutting computer. 
Step 5: Open Adobe Illustrator, and open the laser cutting format page. 
Step 6: Under “file”, click on “place” and place the “dxf.” file into the formatted page. 
Step 7: Isolate the image to show only the gear. 
Step 8: Change the sizing of the picture to the size of the actual gear. 
Step 9: Change the stroke weight to “0.01” and color to “red”. 
Step 10: Customize the sheet placement to display 4 small and 4 medium sized gears on one 
sheet (sheet 1) and 1 big and 3 medium sized gears on a different sheet (sheet 2). 
Step 11: Press “Print” button on Adobe Illustrator to send the file to the laser cutting application. 
Step 12: Open the laser cutting application on the computer in Mustang 60. 
Step 13: Under “Settings” menu, change the material to “Birch”. 
Step 14: Locate the laser cutter’s pointer by clicking a few times, then click the top left corner of 
the sheet to align with the top left corner of the panel. 
Step 15: Click the gear drawings first, then select “Move to the pointer”. 
Step 16: Press “Start” on the app with the laser cutter case open to observe laser cutting process. 
If the pointer location is outside the panel, repeat step 14 to readjust. 
Step 17: Close the laser cutter case, turn on the blower, and press “start” on the app. 
Step 18: When the cutting is done, open the laser cutter case, turn off the blower, and retrieve 
the parts. Remove the gears from the panel. 
Step 19: Repeat steps 10 to 18 to cut sheet 1 twice and sheet 2 eight times. 
Step 20: Glue 4 identical wooden gears to make one gear of 1in thickness. Make sure the teeth 
are aligned for all gears. 
Step 22: Remove any excess wood glue. 
Step 23: Clamp the glued gears and let dry. 
M.2 Shafts 
Red Oak Shaft of 1in diameter has been selected to securely connect series of gear train. The 
manufacturing plan for shafts in each row are slightly different as shown in the following sections. 
M.2.1 1st and 3rd Row Shaft 
Step 1: Cut stock red oak shaft to 12.56” in length using a circular saw. 
Step 2: Locate and mark 4.5” away from one end and drill a hole of 0.25in diameter with 0.50in 
depth using a press drill. 






Step 3: Apply wood glue to the bottom and sides of the drilled hole. 
Step 4: Insert a wooden dowel pin into the hole and let dry. 
Step 5: Repeat steps 1 through 4 to make 6 identical parts. 
M.2.2 2nd Row Shaft 
Step 1: Cut stock redwood shaft to 10.56.” in length using a circular saw. 
Step 2: Locate and mark 4.5” away from one end and drill a hole of 0.25in diameter with 0.50in 
depth using a press drill. 
Step 3: Apply wood glue to the bottom and sides of the hole. 
Step 4: Insert a wooden dowel pin into the hole and dry. 
Step 5: Repeat steps 1 through 4 to make 3 identical parts. 
M.2.3 4th Row Shaft 
Step 1: Cut stock redwood shaft to 16.06” in length using a circular saw. 
Step 2: Locate and mark 4.5” away from one end and drill a hole of 0.25in diameter with 0.50in 
depth using a press drill. 
Step 3: Apply wood glue to the bottom and sides of the hole. 
Step 4: Insert a wooden dowel pin into the hole and dry.  
Step 5: Mark a square with side length of 0.75” on the other side edge and chisel to depth of 
1.5in. 
Step 6: Repeat steps 1 through 5 to make 3 identical parts. 
M.3 Display Frame 
Ipe square dowels of 1” sides by 48” length and a maple panel of 1” thickness with dimensions of 
6” by 6’ have been selected as raw materials for the display frame.  
M.3.1 Display Frame Dowels 
Step 1: Cut stock Ipe square dowel to 3” in length using a circular saw. 
Step 2: Repeat step 1 to make a total of 6 identical parts. 
Step 3: Cut stock Ipe shaft to 24” in length using a circular saw. 
Step 4: Cut stock Ipe shaft to 40” in length using a circular saw. 
Step 5: Cut a groove of 5/8” width, 1/2” length, and 38.00” depth on 1” square dowel with 40” 
length Ipe shaft using a hand mill. 
Step 6: Repeat Steps 4 and 5 to make a total of 2 identical parts. 
Step 7: Drill two screw clearance holes for number 4 size screws (0.1360”), one at 0.6in and 
another at 1.2in away from the end of the 3” dowels. 
Step 8: Drill a screw clearance hole for number 4 size screws (0.1360”) with 0.5” depth in the 
center of 1” square side opposite from the two drilled holes on all 3” dowels. 






Step 9: Drill a 7/64” with 0.5” depth in the center of both 1” square sides of the 24” dowel. 
Step 10: Drill three 7/64” holes on the opposite side of the groove, 3/8” away from the end of the 
dowel as shown in drawing 132000. Make sure the spacing between the first hole and the side 
with no groove is 12.25”, between the first and the second hole is 11.5”, and between the second 
and the third hole is 11.5”.  
Step 11: Drill a 7/64” through-hole on the 40” dowel 1.5” from the side with no groove and 3/8” 
from the opposite side of the groove. Repeat this step for the other 40” dowel. 
Step 12: On the other dowel with 40” length, drill two 7/64” through-holes. The first hole is 0.5” 
from the top and 0.5” from the side with no groove, and the second hole is 0.5” away from the 
square end and 0.25” from the side with no groove. 
M.3.2 Crank Support Panel 
Step 1: Cut stock 1” thick maple panel to 40” by 5” panel using a table saw. 
Step 2: Drill 4 holes at each corner using 7/64” bit. Drill ½” away from each side.  
Step 3: Drill 4 holes 0.44” away from the top. The first hole is 1.5” from the right side, the second 
hole is 12.25” from the right side, the third hole is 11.5” left of the second hole, and the last hole 
is 11.5” left of the third hole. 
Step 3: Add countersink to each drilled hole. 
Step 4: Drill three 2” hole at locations shown in drawing 131000 using a press drill. 
Step 5: Secure sealed bearings onto the 2” holes by applying sealant on the inside of the support 
panel holes. 
M.4 Display Mesh Door Frame 
Step 1: Cut ½” stock square dowel to 38” with a circular saw. 
Step 2: Repeat step 1 for a total of two 38” dowel components. 
Step 3: Cut another ½” stock square dowel to 23.75” with a circular saw. 
Step 4: Repeat step 3 for a total of two 23.75” dowel components. 
Step 5: Drill a 7/64” through-hole ¼ inch from the end on both ends of each 38” dowel. Holes 
should be on the same side of the dowel. 
Step 6: Add a countersink on one side of each of the holes in step 5. 
Step 7: Drill a 7/64” hole with 0.5” depth in the center of both ½” square sides of the 23.75” 
dowel. Repeat for the other 23.75” dowel. 
Step 8: Add glue to the end of each 23.75” square dowel and assemble with the 38” square 
dowels. Ensure holes match up and the assembly resembles a rectangle.  
Step 9: Finish assembling using 1” No.4 Phillips head wood screws in each hole. 
Step 10: Cut screen mesh to dimension of 44” x 28” using wire cutter. 
Step 11: Fold edges of the mesh ½” and staple to frame using 3/8” galvanized steel flat staples. 
Maintain 1” spacing between staples. 






M.5 Wooden Stud 
We will be using redwood stud stock of dimensions 4” by 4” with height of 8’. 
Step 1: Cut a groove of width 1/2” and depth of ¼” using hand mill. Groove should have a length 
of 32” and be centered. 
Step 2: Repeat step 1 a total of 4 times to create 4 wooden studs. 
Step 3: Repeat step 1 on the other side of the wooden studs. Repeat this so we have 2 wooden 
studs with two grooves. 
M.6. Bottom Panel 
Maple panel with thickness of 0.25” and dimensions of 12” by 48” will be used as a stock 
material. 
Step 1: Cut ¼” stock redwood panel to dimensions of 45” by 10.4” using table saw. 
Step 2: Cut out a 3” by 3” square from two horizontal corners of the panel using a table saw. 
Step 3: Cut out a 3” by 4” square from two horizontal corners of the panel using a table saw. 
Step 4: Drill a total of 4 holes using 7/32” drill bit as shown on drawing document 111000. 
 
M.7 Acrylic Panels 
The stock acrylic panel will have a stock thickness of ¼" by dimensions of 48” by 48”. The front 
panel, back panel, and the side panels have different dimensions, so they will be manufactured 
differently. 
M.7.1 Front Panel 
Step 1: Cut stock acrylic panel to dimensions of 40.51” x 31.75” using table saw. 
Step 2:  Use a press drill to drill a total of 12 holes with 2in diameter as specified in the drawing 
116000 from Appendix H. 
Step 3: Push fit sealed bearing with 1in inner diameter and 2in outer diameter in each hole drilled 
in step 2 except for all the bottom holes. 
M.7.2 Back Panel 
Step 1: Cut stock acrylic panel to dimension of 48” by 32” using table saw. 
Step 2: Use a press drill to drill a total of 12 holes with 2in diameter as specified in the drawing 
117000 from appendix H. 
Step 3: Push fit set screw bearing with 1in inner diameter and 2in outer diameter in each hole 
drilled in step 2, with set screw side facing the opposite side of the gearbox. 
Step 4: Drill eight #4 screw holes on each corner of the panel in the drawing 117000 from 
appendix H. 
Step 5. Drill a #4 screw hole on the 5/8” off from the bottom on the center of the acrylic.  
M.7.3 Side Panels 
Step 1: Cut stock acrylic panel to dimension of 4.88” by 31.75” using table saw. 






Step 2: Repeat step 1 to make identical part. 
M.7.4 Top Panel 
Step 1: Cut stock acrylic panel to dimension of 48”x12.38” using table saw. 
M.8 Assembly 
The assembly of the gearbox exhibit will be separated into mainly three parts: Gear Train 
assembly, Display Casing assembly, and Gearbox assembly. 
M.8.1 Gear Train Assembly 
Step 1: Slide in medium gear to 3 bottom shafts, 4 middle shafts, and 1 top shaft. Make sure to fit 
the key on the shaft with the key slot of the gear.  
Step 2: Slide in small gear to 1 top shaft and 1 middle shaft. Make sure to fit the key on the shaft 
with the key slot of the gear. 
Step 3: Slide in big gear to 1 top shaft and 1 middle shaft. Make sure to fit the key on the shaft 
with the key slot of the gear. 
Step 4: Slide in 1” bore diameter set screw collars on each side of the gear. 
Step 5: Fix the set screw collar with #6-32 by 1/8” set screws. 
Step 6: Secure all assembled dowels with gears onto the front acrylic panel’s bearing by applying 
sealant. Make sure to put the correct shaft onto the correct location as shown in drawing number 
120000. 
Step 7: Mount fans at the end of each top and middle shaft on row 3 using two No.2 by ½” screws 
for each fan. 
M.8.2 Display Casing Assembly 
Step 1: Fasten the 38” dowel to the 23.75” dowel using No.4 1-1/4 in wood screw. Make sure to 
use the drilled hole 1.5” from the end to guide the screw. 
Step 2: Fasten the 38” dowel to the 3” dowel using No.4 1-1/4 in wood screw. Make sure to use 
the drilled hole 0.5” from the end to guide the screw. 
M.8.3 Gearbox Assembly 
Step 1: Mount inside corner bracket onto the wooden stud on the side with groove 6ft from one 
end without groove. Make sure the unmounted side of the bracket faces towards the side with 
cut out groove, and the bracket is fixed to the side that will face the long side of the exhibit. 
Repeat for all four wooden studs. 
Step 2: Place the bottom panel on top of the brackets. Make sure to align the drilled holes with 
the bracket holes. 
Step 3: Fasten the bottom panel to the bracket using #8-32 by 1/2” bolt and #8-32 nut. 
Step 4: Slide in both side acrylic panels into the paved groove of the wooden stud. 
Step 5: Slide in the front acrylic panel into the paved groove of the wooden stud on the long side. 






Step 6: Mount the display casing frame to the front side of the exhibit by screwing the casing’s 8in 
frame dowel onto the inner side of the wooden stud using the drilled holes as guides with No.4 1-
1/4in wood screw. 
Step 7: Slide in the sliding door into the groove in the front side of the frame assembly. 
Step 8: Use acrylic panel sealing on the inside of every edge. 
Step 9: Screw in the free end of each shaft to the set screw bearing on the back panel. Make sure 
to match all holes in the correct orientation. 
Step 10: Use set screw to fix each set screw bearing. 
Step 11: Mount the back acrylic panel to the back side of wooden studs using 1in wood screws to 
each corner. 
Step 12: Screw in the top acrylic panel to the 4” by 4” square edge of each wooden post using 1in 
wood screw. 
Step 13: Mount the crank on each bottom shaft. Match the square bore. 
Step 14: Use ½ " washer and 1” wood screw with round head to fix the crank. 
Step 15: Secure the assembled gearbox 2.5ft below ground level. 
  






Appendix N: Test Procedures 
F-66 Physics in the Garden 
Test Name: Dimension Test 




PPE Requirements: N/A 
Facility: Mustang 60 
Procedure: 
1. Begin by measuring each shaft at the location where sealed bearings will fit. 
2. Take 5 measurements for each shaft. 
3. Record all measurements and trials. 
Results: 
The acceptance criterion is that all shafts will be within tolerance of 0.995±0.010 to ensure secure 
interference fit with the bearings. 
Test Date(s): 6/1/21 
Test Results:  
Shaft 
Code 
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average Total 
Uncertainty 
B-1 0.9985 0.9995 0.9960 0.9955 0.9905 0.9960 0.0003 
B-2 0.9985 0.9850 0.9855 0.9960 0.9850 0.9900 0.0003 
B-3 1.0040 1.0000 1.0030 1.0035 1.0040 1.0029 0.0003 
B-4 0.9825 0.9885 0.9865 0.9890 0.9955 0.9884 0.0003 
S-1 0.9940 0.9995 0.9990 1.0000 0.9980 0.9981 0.0003 
S-2 0.9910 0.9945 0.9920 0.9865 0.9860 0.9900 0.0003 
S-3 0.9945 0.9920 0.9985 0.9940 0.9980 0.9954 0.0003 
S-4 0.9980 1.0055 0.9990 0.9970 0.9990 0.9997 0.0003 
S-5 1.0040 1.0045 1.0035 0.9955 1.0045 1.0024 0.0003 
S-6 0.9900 0.9950 0.9885 0.9860 0.9970 0.9913 0.0003 
Shaft Average, ?̅?=0.9954 Caliper Resolution: ±0.0005 Reading Uncertainty: ±0.00025 





Total Uncertainty (calculated using root sum squared method) : ±0.0003 
Average Shaft Diameter with Uncertainty = 0.9954 ± 0.0003 
The average shaft diameter with reading and statistical uncertainty is within specification. 
Performed By: Hanna Jung  






F-66 Physics in the Garden 
Test Name: Load Test 
Purpose: To ensure that the gearbox panel can withstand abuse case of 100lb load. 
Equipment: SolidWorks Model of the Gearbox Assembly 
Hazards: N/A 
PPE Requirements: N/A 
Facility: Online SolidWorks FEA 
Procedure: 
4. Open the main assembly CAD file on SolidWorks. 
a. Make sure your main assembly is completed before performing this test. 
5. Under the Simulation tab, click on the New Study. 
a. Performing Static Study, and press check. 
6. Add the bottom of the four 4”x4”s as the fixture. 
7. Add 100 lbf to the top of the top panel as the external load. 
8. Run the study. 
Results: 
• No visible deformation 
• Max. Yield strength of 40 MPa. 
Test Date(s): 2/6/2021 
Test Results: Minimal deformation was observed with 735.7 deformation scale and maximum 
stress of 500 Pa. Gearbox exhibit passes FEA test. 
Performed By: Dae Jin Park 
  






F-66 Physics in the Garden 
 Test Name: Gearbox Waterproofness Test 
Purpose:  The purpose of this test is to make sure that the gearbox will keep water from rain out 
of the inside of the gearbox. 
Scope: Keeping the wooden gears protected from water will increase the functionality and 
longevity of the exhibit. 
Equipment:  Fully assembled and sealed gearbox, hose, water source, timer, 1 gallon container 
Hazards: Water could cause the ground to become muddy and slippery, maintain social distance 
due to COVID-19 
PPE Requirements: Face mask 
Facility:  San Luis Obispo Botanical Garden 
Procedure: (List number steps of how to run the test, can include sketches and/or pictures): 
1. Use the timer to determine how long it takes to fill up the 1-gallon container with the 
hose. This will give you the flowrate of the hose. 
2. Make sure the flowrate is at least 5 gallons per minute. 
3. Use the hose to spray all the gearbox all over for 1 minute straight. 
4. Take a 20 second break to observe if there is any water leaking into the gearbox. 
5. Repeat steps 3 & 4 until you have sprayed the box 10 times, each for 1 minute. 
6. Observe closely to see if any water leaked into the gearbox 
Results:  The pass criteria for this test is that the gearbox must not have allowed any water to 
leak inside. 










F-66 Physics in the Garden 
 Test Name: Rate of Wear Test 
Purpose:  The purpose of this test is to empirically determine the rate of wear of our wooden 
gears to determine if they will last at least 5 years (or about 26 million crank revolutions). The 
fear is that the gears could wear so much that they do not touch and the geartrain is no longer 
functioning. 
Scope: Longevity of the exhibit 
Equipment:  Assembled fast speed geartrain, DC motor, Motor controller to adjust speed and 
direction of rotation, undercover area 
Hazards: Spinning machinery, pinch points, very small voltage (~12V) 
PPE Requirements: Safety glasses, gloves 
Facility:  Team-member’s garage 
Procedure: (List number steps of how to run the test, can include sketches and/or pictures): 
1. Use a sharpie to draw a ¼  inch thick line along the border of both faces of the small gears 
2. Attach the input shaft of the assembled fast speed geartrain to the DC motor 
3. Run the DC motor clockwise for 30 minutes at 2 rev/second 
4. Pause for 5 minutes 
5. Run the DC motor counterclockwise for 30 minutes at 2 rev/second 
6. Pause for 5 minutes 
7. Repeat steps 3-6 until the motor has spun for 50,000 revolutions 
8. Measure the remaining thickness of the sharpie line in multiple areas around each small 
gear 
9. If no wear is noticed, keep repeating the process in sets of 50,000 revs until wear is 
noticed 
Results:   
1. Take 5 measurements of the sharpie line thickness for each small gear and average them 
2. Empirical rate of wear in (mm/# crank revs) for each gear 
3. Average the rate of wear to determine the overall rate of wear 
4. Determine how much wear will occur after 26 million revolutions and see if the gears can 
still be touching each other by that point. 
This test is a pass/fail criteria, for the gears to pass, they must be still touching and operational 











F-66 Physics in the Garden 
Test Name: Display Case Door Testing 
Purpose: To ensure that the display casing door opens and closes without any snag in 5 seconds 
or less with any operator.   
Equipment: Assembled gearbox and display casing. 
Hazards: Accidental collision with nearby people while forcing to open/close display casing door. 
PPE Requirements: N/A 
Facility: Mustang 60 
Procedure: 
1) Open the display casing door of the assembled gearbox display casing. 
2) Record the time it takes the user to open the door. 
3) Close the display casing door. 
4) Record the time it takes the user to close the door. 
5) Repeat steps 1-4 for a total of 5 times. 
Results: 
1) Time it takes the user to open and close display case door. 
2) Average time of a user to open and close display case door. 
The acceptance criteria is that the average time of a user to open and close the display case door 
is less than 5 seconds with no snag. 
Test Date(s): 6/11/21 
Test Results: Pass 
 
Performed By: Tanner and DJ 
 
  






F-66 Physics in the Garden 
Test Name: Bearing Corrosion Test 
Purpose:  To make sure the bearing we purchased won’t corrode fast 
Scope: Bearings that will be installed with our shafts 
Equipment: 2 bearings 
Hazards: The metal or the rubber covering may give off hazardous chemical out in the sun 
PPE Requirements: none 
Facility: An undisturbed, big enough backyard 
Procedure: (List number steps of how to run the test, can include sketches and/or pictures): 
1) Place a bearing outside where the sun would expose a lot of light on but is far away from 
where people usually are. 
2) Have another bearing indoors 
3) After a month, compare their wear outside and their quality difference. 
Results:  Pass criteria: Bearings work smoothly as before. There should be no visible corrosion. 
Test Date(s): Month of February, 2021 
Test Results: Fail, the bearings had additional friction and showed corrosion. We will use 
stainless-steel bearings for our project. 
Performed By: Dae Jin Park  






F-66 Physics in the Garden 
 Test Name: Gear train functionality test 
Purpose:  To make sure the gear train spins as smoothly as we aimed it to be. 
Scope: Gear train 
Equipment:  
1) Preferably the overall project, if not, the gear train and two supported plates to support 
the gear train 
2) Other people who would be spinning 
Hazards:  
1) Because we’re asking people to touch something that others have laid their hands upon, 
due to COVID there may be virus.  
2) We probably won’t install during the experiment so we may have to have people support 
it physically. This human support may not be as stable. 
PPE Requirements:  
1) Have hand sanitizer or gloves.  
2) About 4 people to move it and help it stay in place and just in case. 
Facility: Mustang 60  
 
Procedure: (List number steps of how to run the test, can include sketches and/or pictures): 
1) Before installation, ask 20 people to spin the crank for 30 seconds. 
2) Take a survey on the smoothness of the gear train rotation (score out of 10). 
Results:  Average score of 7.5/10. 
  
Test Date(s): 6/11/21 
  






Test Results: Slow geartrain pass, fast geartrain fail. 
 
 
Performed By: Tanner and DJ 
  






F-66 Physics in the Garden 
Test Name: Wind Speed Test 
Purpose: To ensure that the fast gear train system has output speed of 16 times the input speed 
within uncertainty of 10%.   
Equipment: Assembled gear train with fast speed ratio, stopwatch, anemometer  
Hazards: Accidental collision with nearby people while spinning the crank.  
PPE Requirements: N/A 
Facility: Mustang 60 
Procedure: 
1) Spin the crank with a consistent speed 1 revolutions per second using a stopwatch to 
achieve 60 rpm input speed. 
2) Measure the input wind speed of the bottom fan using the anemometer and record data. 
3) Measure the output wind speed of the top fan using the anemometer and record data. 
4) Repeat steps 1-3 with 7 different trials.  
 
Results: 
1) Input and output wind speed from each trial. 
2) Average input and output wind speed from all trials. 
Acceptance criteria is that the output wind speed is approximately 16 times the input wind speed 
with tolerance of ±10%. 
 
Test Date(s): 6/10/21 
  






Test Results: Fail, fan output produces wind speed 4 times greater than input fan wind speed. 
 
Performed By: Tanner and DJ 
 
  






Appendix O: User’s Manual 
This user’s manual gives instructions on how to operate the gearbox exhibit in the San Luis Obispo 
Botanical Garden. To ensure user safety, please allow only one operator at a time. Do not spin 
both geartrains at the same time.  
  
Using the Gearbox  
WARNING: Do NOT climb on the gearbox. Operating this exhibit involves being in contact with a 
rotating part. Be cautious of pinch points around the handle, crank, and crank shafts. Also, be 
cautious of others around you when operating the crank.   
  
1. Make sure nobody is standing within 2 feet of yourself or the crank before 
operating the exhibit.  
  
2. Choose a geartrain and grab the crank handle.  
  
3. Spin the crank counter-clockwise.  
  
4. Hold your non-spinning hand in front of the lower fan to feel how much 
wind the crank generates.  
  
5. Now move your non-spinning hand in front of the upper fan and compare how 
much wind is produced due to the geartrain.  
  






Appendix P: Maintenance Operations User’s Manual  
NOTE: It is recommended that the San Luis Obispo Botanical Garden clean the display fans and 
both sides of the acrylic panels to maximize user experience.  
  
Accessing the Inside of the Display Case:  
The inside of the display case may need to be accessed to clean the front acrylic panel or perform 
maintenance on the fans and dowels.  
  
Removing the Door of the Display Case:  
1. Use a key or combination to unlock the padlock placed on the door of the display 
case and remove the lock.  
  
2. Pull the screen door out to the left.  
  
3. Open the door partially or remove it completely for maintenance operations.   
  
Removing Fans:  
1. Access the inside of the display case by Removing the Door of the Display Case as 
explained above.  
  
2. Use a screwdriver or drill to remove the screws on the front of the fans.  
  
3. Pull the fan off the end of the dowel.  
  
Accessing the Inside of the Gearbox:  
The inside of the gearbox may need to be accessed to clean acrylic panels or perform 
maintenance on the geartrain.  
  
Removing the Back Acrylic Panel:  
  
1. Unscrew all screws on the set screw bearing on the back acrylic panel using a 
Phillips head screwdriver or drill bit.  
   
2. Unscrew all 8 screws on the back acrylic panel screws using an impact drill with 
¼” hex head socket. Be careful not to damage the back panel in this process.  
  
3. Perform maintenance operations on gear or shaft as directed:  
a. To remove or repair a gear, unscrew the set screw collar on the shaft to 
access the gear for maintenance of repair. (Skip to step 3b for shaft repair.)  
   
b. To remove or repair the shaft, remove display fans or cranks (if 
applicable), push the bearing on the front acrylic panel, and carefully pull the 
shaft out of the front acrylic panel.   
4. After maintenance or repair:  
a. After repair or maintenance check is finished, put on the set screw collar 
back on the shaft and tighten the screw for gear repair.  
b. After repair or maintenance check is finished, press fit the bearing on the, 
apply glue, and press fit the bearing on the front acrylic panel.  






5. Put each shaft back into the set screw bearing on the back acrylic panel. Do not 
tighten the screw.  
6.  Tighten 8 screws on the back acrylic panel using an impact drill with ¼” hex head 
socket.   
7. Tighten all set screw bearings for each shaft.  
 
